We report tunnel magnetoresistance (TMR) ratios as high as 472% at room Mechanisms behind the different annealing behavior are discussed.
Soon after tunnel magnetoresistance (TMR) ratios over 1000% were theoretically predicted in the magnetic tunnel junctions (MTJs) with a crystalline (100) Fe/MgO/Fe structure by preferential tunneling of "half-metallic" ∆ 1 symmetry states 1, 2 , TMR ratios ranging from 80 -355% at room temperature (RT) was experimentally demonstrated for fully (100) oriented epitaxial Fe/MgO/Fe MTJs 3,4 and sputter-deposited highly (100) oriented Fe(CoB)/MgO/Fe(CoB) MTJs [6] [7] [8] . The highest TMR ratio so far reported reaches 361 % for a sputter-deposited CoFeB/MgO/CoFeB structure 9 and 410 % for an epitaxial Co/MgO/Co structure. 10 Realizing high TMR ratios by sputtering is of prime importance from a technology point of view, because sputtering is the preferred and established method for industrial applications. Our recent study showed that TMR ratios of 361% at RT and 578% at low temperature can be achieved for standard exchange-biased spin valve (EB-SV) MTJs having sputtered CoFeB/MgO/CoFeB with an underlying synthetic ferrimagnetic (SyF) layer pinned magnetically by an antiferromagnetic (AF) layer beneath. We found that TMR ratios started to decrease when annealing temperatures (T a ) exceeded 425 o C. 8, 9 Several mechanisms were suggested in the past as to the reasons for the decreased TMR ratios at high T a ; among these, Mn diffusion from the AF layer into the ferromagnetic layer and towards the barrier insulator is the most suspected in Al-O barrier MTJs. 11, 12 In this letter, we fabricated pseudo SV (P-SV) MTJs that do not have Mn-based AF 361% at optimum T a of 425 o C. 9 The temperature dependence of the TMR ratio and the resistances in parallel (P) and anti-parallel (AP) configurations are plotted in Fig. 2 
(c).
The resistance in the AP configuration increases as temperature decreases, while that in the P configuration remains almost constant. Hence, the temperature dependence of the TMR ratio is caused by the temperature dependence of the resistance in the AP configuration.
Next, we show the T a dependence of TMR ratios and compare the results with those of EB-SV MTJs. For EB-SV MTJs having an AF layer containing Mn atoms, several mechanisms have been suggested for the drop in TMR ratios at high T a . These include, Mn diffusion from the AF into the ferromagnetic (F) layer and towards the barrier 11, 12 , small exchange bias field (H ex ) 9 , and crystallization to face-centered cubic (fcc) structure/ (110) oriented body centered cubic (bcc) in the ferromagnetic layers. 9, 14 We first consider the effect of H ex , which is plotted as a function of T a in Fig. 3 (b) . H ex is defined as the external magnetic field at which the TMR ratio becomes half of its maximum value as shown in insets of coupled. From Fig. 3(b) , H ex is found to decrease as T a increases, and finally changing the sign from positive to negative value. This reversed sign of H ex , i.e. the change from AF coupling to F coupling in the SyF pinned layer, is most likely due to the reduction of the Ru layer due to diffusion as T a increases. In our previous work, we found that a weak H ex results in incomplete AP configuration between the two CoFeB layers and in decreased TMR ratios, whereas when |H ex | is large enough to produce a complete AP configuration, high TMR ratio is maintained. 9 The result of T a =450 o C in the inset of Fig.   3 (b) shows that a full AP configuration is realized, indicating that the reduction and subsequent sign change of H ex is not responsible for the observed reduction of the TMR ratio.
To investigate the effect of the crystalline structure and diffusion of constituent elements, especially of Mn and Ru, on the TMR ratio, we carried out cross-sectional high resolution transmission electron microscopy (HRTEM) analysis with energy dispersive X-ray (EDX) spectroscopy of the MTJ structures using a 1-nm diameter spot. and (c)), annealing at higher temperatures results in sharper CoFeB/MgO interfaces.
Even though the sharpness of the interface improves by high temperature annealing, the TMR ratio decreases at high T a (Fig. 3(a) ) in EB-SV MTJs. This signifies that the crystalline properties are not likely to be the main reason for the drop of TMR ratio at T a over 425 o C. MTJs showed TMR ratios as high as 472% at RT and 804% at 5 K (Fig. 2 (b) ), approaching the theoretically predicted value of 1000%. This further increase of the TMR ratio is believed to be a compromised result of two competing tendencies: Fe tends to be bcc (favorable for a high TMR ratio) but have reduced spin polarization compared to Co. Co has a tendency to be fcc/hexagonal close packed (hcp) that is not preferable for realizing a high TMR ratio. Work is in progress to clarify the role of electrode composition on the TMR ratio.
In conclusion, we observed TMR ratios as high as 472% at RT and 804% at 5 K in 
